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FOREWORD

This document is Volume I of a report presenting work accomplished by The

Boeing Company during the first twelve month period from June 11, 1964

I through June 11, 1965 in "Large Motor Case Technology Evaluation", Air Force

Contract AF 33(615)-1623. Because of its length, this publication is pre-

1 sented in two volums. The work was administered by the AF Materials

Engineering Branch, Materials Application Division, Wright-Patterson Air

Force Base, Ohio. The project engineer is Lt. Robert M. Dunco, MAAE.

I The performance of this contract is under the direction of the Structv ral

Development Unit, Structures and Materials Department, Aero-Space

Division, The Boeing Company, with C. F. Tiffany as Project Supervisor,

jJ. N. Masters, as Project Leader, and Howard A. Johnson as Non-destructive

Test Program Leader.

NOTICE

i-. This document may not be reproduced or published in any form, in whole or

in part, without prior approval of the Government. Because this is a Pro-

gress Report, information herein is tentative and subject to changes, correc-

Itions, and modifications.
I
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j I. AB&MTEA]

In this volume, the results of base metal and weldment tests, and analyses

of design deviations on materials and configurations of large solid motor

cases of the 623A class are presented. A resultant end product of the above

is the development of tables and curves depicting allowable initial flaw

J sizes in weldments of three large motor case designs. Such data considers

the combined effect of material toughness, anticipated subcritical flaw

I growth, and total applied stresses which includes the effects of designed

and manufactured discontinuities.

A second phase of this program simuarized in this volume is the data gener-

1ated during a statistically designed experiment devoted to the development
of welding processes on three promising new materials. The effects of

welding process variables on weld quality and toughness (KIC) are shown.

i Volume II describes the work performed to date in the area of nondestructive

inspection and includes specifications for fabrication of an automated ultra-

sonic inspection system suitable for use on large diameter motor case weld-

Jments.

I
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II. INTRODUCTION

The objective of this program is to assess material and process requirements

for large solid propellant motor cases fabricated with roll-and-weld tech-

noloa. Emphasis is placed on definition of material requirements for

reliable performance, development and evaluation of advanced welding and

inspection methods, and improvement in the engineering standards used to

produce reliable motor cases.

The short-range goal includes the definition of the effects of defects,

j design deviations, and material quality on the performance of the two alloys

presently being used in the 623A programs, and a review of the capability

I of present nondestructive testing techniques. The long-range goal is the

establishment of large-motor-case material selection criteria and the devel-

opment of cufficient detailed material, process, inspection, and subsize

case performance data on motor-case materials to ensure a rational material

selection prior to the initiation of potential future motor-case designs.I
Initially, efforts included the evaluation of 260 inch case material-process

combinations, and welding development on three alternate alloys. This was to

be followed by detailed specimen and subscale case testing of the two most

promising alternate alloys, and of the two 260 inch case materials. Since

j release of the September Progress Report, however, the program has been re-

directed to include an evaluation of the 156 inch case material-process com-

j bination. This has required the elimination, subsequent to the multiple

balance experiment, of two alternate alloys instead of one.I
A nammaxi chart of the program plan showing the major areas of investigation

is shown in Figure 1.
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I III. BACKGROUND

Before discussing detailed data being developed on this program, it appears

appropriate to briefly describe the role fracture toughness testing and

fracture mechanics analysis play in material selection efforts. Further,

it is felt necessary to define the more important relations of these items

Iwith design, stress analysis, fabrication, and non-destructive inspection
procedures in obtaining reliable and economical motor cases.

From exemination of many past motor case and pressure vessel failures it

becomes apparent that the primary causes for failure are pre-existing flaws.

I Also these past investigations have indicated that failure occurs when the

flaw tip stress intensity attains a critical value which is commonly called

the plane strain fracture toughness, KC" In a simplified form, the stress

intensity, K, at the leading border of a surface or internal flaw can be

described by the following:

K = 1.lV-7-f (a/Q)2 1 K (M)

where

a = semi-minor axis of an elliptical flaw

Cr = applied gross stress

Q = Flaw shape parameter

MK = magnification factor to account for deep flaws,

multiple flaw interactions, etc.

1.1 applies for surface flaws, and drops to unity for internal flaws.

I~13



fAt onset of rapid propagation and fracture;

KIC = 1. 1V7' a (a/Q)fcr MK  (2)

By describing the critical flaw size, (a/Q)cr, as the allowable initial

size, (a/Q)i, plus anticipated subcritical flaw growth, Equation (2) can be

rewritten as:

Allowable (a/Q) ± Subcritical_ 1 (3)
growth 1 21 - -

where:

$ T = total applied stress

Analysis of each element of Equation (3) is required and will be discussed

in this report.

In considering large diameter motor cases, one must consider the following

questions:

1) What KIC values are of primary interest?

2) What determines the total applied stress level, a T ?

3) What type of subcritical flaw growtL might one expect?

In answer to the first question, it is apparent that weldments and heat

affected zones (HAZ) are of primary importance for K.C determination for

two reasons. First, weldment and HAZ toughness values are generally lower

than parent metal values, and secondly, the probability of flaw occurrence

is highest in these areas.

Accordingly, primary emphasis in the alternate materials portion of this

program is placed on the determination of weldment and HAZ KIC values and

in determining the influence of process variable on these values. Additional

emphasis will be placed on thick section properties.
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In answer to the second question, the applied primary stresses in a motor

case are dependent upon the design factors of safety and the selected heat

treat strength level. But as important, the determination of critical flaw

sizes or allowable initial flaw sizes must include consideration of:

i) Secondary or discontinuity stresses inherent in the design (e.g., head

to shell joints).

2) Secondary stresses resulting from design deviations (e.g., linear and

angular mismatch).

3) Possible residual stresses

Later paragraphs will discuss procedures used to determine these secondary

stresses and show the probable influence of these stresses on critical flaw

sizes. Also, included are the results of residual stress measurements made

on the Aerojet and Thiokol 260 inch diameter motor cases.

With regard to subcritical flaw growth, probably the most important consid-

eration is the possibility of environmentally induced sustained stress growth

during proof testing or during actual motor firing. Also, if there are

high residual tensile stresses, there is the possibility of flaw growth under

zero pressure.

While one might expect that the pressurization times are not sufficiently

long to worry about sustained stress flaw growth, this cannot be assmed.

For instane extremely large amounts of flaw growth have been observed in

the 4340 type steels operating in a damp environment. For this reason each

of the 623A materials and the alternate alloys were tested (both base metal

and weldments) to define flaw growth characteristics.

I5



II
Our inhouse research on motor case materials which is being extended on this
program included the investigation of some 14 alloys. These efforts were

based on the investigation of parent metal and weldment fracture toughness,

subcritical flaw growth, and fabrication characteristics. Yield strength

levels ranged from about 140 KSI to 280 KSI. These materials are simmarized

j in Table I. The typical base metal plane strain fracture toughness values

are shown in Figure 2, and typical weld metal fracture toughness data is

I shown in Figure 3. In both Figures 2 and 3, arrows depict those data points

where specimens failed after net section yielding, and thus KC values are

I known to be greater than indicated. From these illustrations, it is appar-

ent that toughness reductions would be expected with increasing strength

levels. In considering these trends, two fundamental questions are raised:

i) What material strength level is required for large diameter solid

motor cases?

2) How high a toughness value is needed to guarantee a reliable motor

case?

In an attempt to obtain an answer to the first question, in 1963, a systems

study was initiated on two large launch vehicles utilizing 260" first stage

motors and liquid upper stages. One vehicle was designed to place 500,000#

'1 of payload in a 300 mile earth orbit, the other to place 1,O00,O00# in orbit.

These studies have been reported elsewhere (Reference 1), and can briefly

be sumnarized as follows. First, by holding all propellant weights constant,

it was seen that a decrease of first stage case tensile strength from 250

down to 150 KSI results in a payload reduction of only three to four percent.

Secondly, three cases were designed utilizing 150, 200, and 250 KSI strength

materials (HP150, Ladish D6 at 200 KSI, and 18 Ni 250). Cost estimates were

6
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jdeveloped by Boeing and by three companies experienced in constructing large

structures. The results of these estimates were then used in constructing a

I curve of case strength versus relative cost per pound of payload in orbit.

The overall result was that total vehicle economics was completely insensi-

tive to first stage case strength level. Recognizing that any contingencies

I such as an expected higher proof test failure rate in the higher strength

materials, it became apparent that actual vehicle cost savings might accrue

1 from use of the lower strength materials.

Based upon this study, no apparent advantage could be seen in using the very

high strength materials in 260-inch diameter cases. With regard to the 156-

inch diameter cases, the question as to required strength is still unanswered.

Intuitively, it is felt that vehicle performance may be slightly more sensi-

tive to case strength level, but to our knowledge there is no such data

available.

The answer to the second question (i.e., what Kc values are required to

ensure reliability?) is not a simple one, however, the following illustrates

what is felt to be a practical approach.

It is clear that from an economics standpoint we cannot afford many proof

test failures, and from the standpoint of both economics and personnel

Isafety, the prevention of service failures is mandatory. Obviously, if an

accurate job of defining allowable flaw sizes is done, materials and

fabrication processes are selected which result in a low probability of

flaw occurrence, and if non-destructive inspection procedures are developed

which guarantees detection of all flaws larger than allowable, neither proof

7



test nor service failures should be encountered. Unfortunately, this goal

has not yet been attained, and other tools must be investigated to help

guard against failure.

The potential value of the proof test in assuring subsequent service life

was discussed in the 5th report of the ASTM Committee on Fracture Testing

(reference 2). This is illustrated in Figure 4. As seen in this figure,

maximumn initial to critical flaw size ratio, (a/Q)i/(a/Q)cr is equal to

l/a 2 , where a is the proof test factor. Similarly, the maximum initial-to-

critical stress intensity ratio, KI /Kl, is equal to 1/a. Both are inde-

pendent of the actual proof stresses, and the actual material toughness

values. This is significant since the actual proof stresses may be differ-

ent because of design or manufactured discontinuities, and because the

toug)ess values will likely vary between base metal, weldments, and

forgings.

Also, as noted in the Figure, the minimum flaw growth potential in the tank

(acr/Qcr -ai/Q) is equal to (1 - 1/a2). The task then lies in evaluating

the flaw growth characteristics of the case materials, to ensure that flaw

growth during service is indeed less than the growth potential noted above.

As ill be seen in the body of the report this does not appear to be a

critical problem for the materials under study, and for the expected service

requirements of large cases.

The final question remains, then, of how to prevent proof test failures. An

obvious approach would be to utilize a material with sufficient toughness

such that any subcritical flaw would have to grow through the thickness

8



I
prior to reaching critical size. Such a case would then leak rather than

fail catastrophically and it could be subsequently repaired.I
Such a criterion could be met in a case if the critical flaw size at proof

I pressure for the worst shape flaw (i.e., a long elliptical surface flaw)

is greater than the case thickness. Such a criterion could obviously not

I be met if under the sane pressure the most favorably shaped flaw (i.e., an

internal penny shaped crack) attained critical size prior to exceeding a

diameter greater than the case thickness. Using this approach, Figures

5 and 6 have been constructed. In Figure 5, a hypothetical 260-inch

case is illustrated, with design pressures and factors as noted. The rela-

I tion of weld toughness versus yield strength shown earlier in Figure 3 is

repeated. Superimposed on this band, are two cut-off lines depicting the

two extremes just mentioned. It is seen that through the use of materials

]with yield strengths greater than about 200 KSI failure prior to leakage is

a certainty for even the most favorable flaw shape. Through the use of

) materials with yield strengths of about 150 KSI and under, critical long

surface flaws are greater than thickness, and a leak before failure condi-

tion prevails. Between these two extremes, failure mode is dependent upon

actual flaw shapes and locations. Figure 6 illustrates the same approach

for a 156-inch case with the same design factors. Here it is seen that

because of thinner cylindrical shell requirements, higher allowable design

strengths are acceptable.

This background discussion has attempted to convey the following major

points.

9
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1) Pre-existing flaws are the primary cause of unreliable motor case

behavior.

2) Allowable flaw size determination requires an accurate knowledge of

I KIC values, subcritical flaw growth, and total motor case stresses.

3) From the primary standpoint of reliability (although vehicle economics

I are not ignored) it is desirable to have weldment KIC values in excess

of about 160 or 170 KSI N15 for 156-inch motor cases, and in excess

of' about 200 KSI V7R for the 260-inch cases.

jThe program described in the following paragraphs has been planned around

these three major points.

10



IIV. DISCUSSICH

j The following sections describe the work acccmplished to date in the three

major areas of investigation (i.e., 623A Class materials, alternate

materials, and non-destructive testing). Early program results are sum-

marized where necessary for understanding of the detailed presentation of

I the results of the last quarter.

A. 623A Class Materials

The specific goal of this portion of the program is the establishment of

flaw acceptance criteria and allowable weldment design deviations (i.e.,

mismatch and sink-in) for the large diameter maraging steel motor cases of

the 623A type. This necessarily requires an evaluation and understanding

of static fracture and subcritical flaw growth characteristics of the

appropriate material - process combinations and analyses of total stresses

in typical weldments in the three 623k cases.

1. Testing Approach

In order to establish realistic baseline toughness values and flaw growth

characteristics of existing large case materials, all weldment tests are

being performed on panels fabricated by the three 623k motor-case contractors.

In each case, material thicknesses were selected to duplicate full scale

head and shell requirements. Limited tests were performed on base metal,

with primary emphasis on weldments (centerline and heat affected zones,

HAZ). Base metal was purchased specifically for use on this program, weld

wire (and flux where applicable) was supplied by the case contractor. Weld-

ment-grain direction orientations were selected to represent what was felt

to be the most critical combination. That is, welds in gages representing

cylindrical s:aells were placed perpendicular to the primary plate rolling

I



3 direction, thus duplicating the longitudinal shell weld. For the thinner

gages representing head thickness, weldments were placed parallel to the

primary plate rolling direction. All specimens were pulled transverse to

j the weld. Fatigue cracked surface flaw specimens were used for toughness

and flaw growth studies for most weldments. One exception was the use of

J cracked round notch bars on .75 inch thick 18 Ni (250) weld panels.

jStatic specimens were tested in air at room temperature by loading at a

rate required to produce a complete failure within one to three minutes.

ISustained load tests were performed by loading to approximately 85% of the

critical stress intensity (KIc, as determined from the prior static tests)

and holding at this level until failure or for 24 hours. If failure did

not occur at this time, the stress intensity level was increased five per-

cent. With no failure for an additional 24 hours, the load was increased

directly to failure. As described later, these tests were performed in

either air, or under a 3-1/2% salt solution spray environment.

Flaws in the HAZ specimens were placed so as to intersect the coarse

Agrained zone immediately adjacent to the fusion line. Flaw shape on these

1 specimens was semi-circular where possible, so that stress intensity around

the crack periphery was essentially constant. Such flaw placement was

jsuggested from a series of smooth tensile specimen fatigue tests. Here,

specimens were cycled at a maximum tensile stress of 80% of yield until

I failure or until a crack was observed. Three ovt of four 18 Ni (250) speci-

1mens (GTA and submerged are weldments) developed cracks in the noted coarse

grained location, and one in the weld centerline. Both 18 Ni (200) speci-

mens failed in base metal, distant from any weld affected structure.

1
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2. 18 Ni (200) Test Results

Compositions of base metal and filler wires used in this series of tests

I are as shown below:

I FORM "FG HEAT C Mm P S Si Ni Cr Mo Al Ti Co

Base Repub 3951104 .014 .05 .004 .007 .02 18.20 .1O 4.32 .11 .25 7.75

Wire Spcl Mtls 6-3343 .010 .01 .005 .004 .004 18.02 - 3.62 .079 .27 7.74

I Base metal tests as reported in earlier reports indicated longitudinal and

transverse KIC values from surface flaw specimens (with flaw normal to plate

surface) of approximately 156 and 138 KSI VIi respectively at a yield

Sstrength averaging 230 KSI. Single edge notch specimens (with crack moving

parallel to plate surface) gave average KIC values of 115 and 103 KSI V I

for longitudinal and transverse directions respectively.* Both sets of

specimens had been aged at 900 F for 4 hours.

Toughness values from panels welded (and aged 900*F 8 hours) by Sun Ship-

building and Drydock Company shown in earlier reports are reproduced in

I Table II and III. Briefly, these data show HAZ and .62 thick weld center-

line toughness values from five to ten percent lower than base metal. An

Iadditional small reduction in manual repair weld toughness is suggested,

and a more significant reduction is seen in the .40 weld centerline values

of 113 and 119 KSI VIN.

ISustained load surface flaw tests were then run, utilizing the data

generated in the static tests. The data developed during this series of

*Distinct discontinuity in load deflection curves were not usually observed

1in this series of tests.
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tests are shown in Figure 7 • It is noted that in eleven out of twelve

test runs in ambient air (50% average hum-ity) failure did not occur

during the 24 hour hold, even with initial applied KI levels from 90 to 95

j percent of critical. This behavior is as good as that seen on most base

metal alloys tested in air. The only exception was a .40 inch thich HAZ

specimen (note, transverse grain) which failed within the band of data

from specimens tested in salt spray. Such band suggests a sustained load

stress intensity threshold level of approximately 75 percent of critical.

The significaace of the above noted data will be discussed in later para-

graphs.

3. 18 Ni (250) Test Results (Submerged arc welds)

Compositions of base metal and filler wires used in this series of tests

is as shown below.

FORM MFG HEAT C Mm P S Si Ni Co Mo Al Ti

Base Repub. 3321290 .017 .10 .005 .005 .07 17.93 7.80 4.98 .10 .46

Wire* ARMETCO 09391 .02 .08 .002 .007 .02 17.95 7.88 4.82 .08 .65

Wire** ARMETCO 09395 .01 .08 .002 .005 .02 18.28 7.88 4.59 .08 .49

Base metal, (.48 and .75 inch plate) fracture tests as reported in earlier

reports indicated a longitudinal KIC of 1l6 KSI V3 and long transverse

of 86 KSI V- from surface flaw specimens (with flaw normal to plate sur-

face) and values in the 80's and 90's in both principal directions from

single edge notch and round notch specimens. This material has been aged

at 8350F for four hours and exhibited yield strengths of 260 KSI transverse

* Sub-arc Welds

**Manual GTK Repairs

14



JI
(.48 inch plate) and 250 KSI longitudinal (.75 inch plate).

I Panel welds from Newport News Shipbuilding and Drydock Company displayed

yield strengths of 198 and 184 KSI for the .48 and .75 inch panels respec-

I tively. Though some fracture specimens were tested at this strength level,

most were aged two-and-one-half hours (in addition to the Newport four-hour

age) at 835*F to increase the strengths to what was felt to be more repre-

sentative of the fill scale structure. Though the resulting strengths

(225 and 213 KSI respectively) and microstructure more closely represent

Ithe case, such history must raise the question of applicability of the
generated specimen data. Valid static toughness values that were obtained

on the panel welds after re-aging were in the order of 55 to 58 KSI V'M

in the .48 inch plate. The .75 inch panel was first tested using round

notch bars, which resulted in calculated values of around 40 KSIX'F.

IIn attempting to determine if variations in toughness existed between the

first and second sub-arc pass, two specimens were prepared from a .T5 inch

panel. One with a surface flaw extending into the first pass side, and one

in the opposite side. The resultant values* were 79.3 and 81.8 KSI V .

This compares favorably with values of 89.0 and 77.5 KSI \"- taken earlier

4 in .48 inch "second pass" surface flaw tests in as received material. Weld

test data is summarized in Table IV and V.

Because of the above noted findings, sustained load tests were performed

only on the .48 inch panels from which surface flaw specimens had already

been machined. The results of these tests are shown in Figure 8. For

comparative purposes, the data is superimposed on the 18 Ni (200) weld

I
*These specimens were "as received" (i.e., not re-aged)
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data presented in Figure 7. Little difference is seen in the two sets of

specimens. That is, the flaws appear to be extremely stable in ambient air

environment and stress intensity threshold level for initiatbn of subcriti-

cal growth is about 75 percent of critical in a salt spray environment.

4. 18 N (250) Test Results (GTA Welds)

Composition of base metal and filler wire used in this series of tests are

as shown below:

FORM WG HAT C MM P S Si Ni Co Mo Al Ti

Base USS X53690 .02 .06 .00o4 .0l .02 18.06 8.10 4.82 .13 .38

j Wire ARMKTCO 08850 .01 .03 .002 .005 .03 18.10 8.00 4.52 .10 .46

jTensile and fracture data of base metal (.39 plate) aged 900" for three

hours is shown below:t
KIC KSIV5

KSI KSI Surface Flaw Single Edge Notch
Longitudinal - - 88.8 84.5

I Transverse 246 237 82.9 75.9

Toughness values from panels welded (and aged 900*F 3 hours) by Excelco

Developments are shown in Table VI and VII. As with the 18 Ni (250) sub-

Imerged arc weld tests, weld centerline KIC values appear to be significantly

lowtcr than that of base metal. Likewise HkZ test results, again frm sw-

Iface flaw specimens, show calculated values consistently higher than that

1 of base metal. Such values are obviously affected by layered structure

and should be treated with caution. As shown in Table VII, a significant

I difference in weld centerline KIC values were observed between groups of

specimens taken from two panels which were supposedly processed in a

16I



similar manner. Significant differences in ductility were also observed

(4% RA versus 38% RA), while tensile strengths ccmpared favorably.

Sustained load data developed from the Excelco weld panels are illustrated

in Figure 9. As before, the data is superimposed on the 18 Ni (200) scatter-

band. From this figure it can be seen that in ambient air environment the

flaws are extremely stable, but significant growth is experienced in salt

spray. Growth rates are slightly higher than in the lower strength materials

discussed earlier; however, a threshold level of 75 percent of KIC appears

to be a safe estimate. The significance of this data is discussed in

Paragraph IV.A.6.

5. Design Deviation Analyses

The planned design deviation walyses has now been completed and is in-

cluded as Appendix A. These analyses deal primarily with longitudinal and

girth weld mismatch and sink-in. The ultimate objective of these studies,

when coupled with previously noted test phases, is to define allowable

weldment flaw sizes in vesels containing what is considered to be typical

j deviations from ideal contour.

As might be expected, it haz been observed that the most important devia-

tion (in terms of expected dimensional control problems, as well as in terms

Iof the impact of the given deviation) are probably associated with head

to-y-ring girth welds*. The primary reason for this is that applied moments

caused by a given deviation tend to be linearly proportional to the dimen-

sional value of the deviation (e.g., the sink-in in inches), and the resul-

tant stress is inversely proportional to the square of the thickness.

*Nozzle-ring to head junctures are not included in this study.
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A brief discussion of the effects of what are considered to be typica1

deviations on critical flaw sizes of existing cases is included in Para-

graph IV.A.7.

6. Residual Stress Measurements

Residual surface stresses were measured utilizing X-ray diffraction techni-

ques (Reference 3) at several areas of each of thetwo 260 inch diameter

jcases. The measurements were made after the aging cycle on I.D. and 0.D.

surfaces, on the weld centerline, in the heat affected zone, and in virgin

base metal. The surfaces were sufficiently smooth so that additional sur-

face preparation was unnecessary.

Detailed results were included in earlier reports and are suwized in

Figure 10. The numbers shown in tabular form are the averages (in thou-

sands of pounds per square inch) of several readings taken at the loactions

shown. Each data point is believed to be accurate within plus or minus

ten KSI.

Data from flat panels welded and aged by Sun Ship and Newport News are also

shown in Figure 10. Diffraction measurements were made on as-received sur-

faces, and on successively deeper surfaces exposed by electropolishing, in

three mil increments. Longitudinal and transverse values, in weld center-

line and heat affected zones from both panels are included in the same ilium-

tration. It is seen that readings taken on the original surface are generally

comparable to those measured on the actual cases, and though tension stresses

are occasionally observed, the trend approaches zero stress at approximately

15 to 25 mils from the surface.
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On the basis of these measurements, it has been chosen to ignore the effects

of residual stresses in the computation of allowable flow sizes in the large

maraged cases.

7. Allowable Flaw Size

The allowable flaw size in a motor case is defined as the critical flaw

size minus the subcritical flaw growth anticipated during service life of

the case. Use of the sustained load flaw growth data reported earlier can

be illustrated as in Figure 11 (a), (b), and (c). Figure ll (b) relates

critical flaw size versus total applied stress for material of any tough-

ness. If critical flaw size at an operating stress of unity is designated

100 percent, it can be seen that critical size at a proof stress of 1.1

times operating, is (1/1.1)2 x 100, or 83 percent of critical at operating.

That is, any case which successfully passes a 1.1 proof pressure could not

have contained a crack-like flaw any larger than 83 percent of critical at

operating pressure, or else the case would have failed before reaching the

proof pressure. By cross plotting the lower bound of the sustained load

tests shown earlier*, it is seen that it would take an approximately 60

minute operational load cycle before a flaw 83 percent of critical would be

expected to grow sufficiently to cause failure at the firing pressure.

Flaw growth during one firing cycle, therefore, is not felt to be signi-

ficant.

Recognizing that hydrostatic test pressurization rates in the large cases

might be relatively slow and that the case might actually be held at pres-

sure several times for instrumentation read-out, the possibility of

*Note that the ordinate of Figure 7 thru 9 is squared to construct the

Figure 11 (c) curve.
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growth during the proof test cycle should probably be considered. This is

illustrated in Figure 11 (a). By assuming that a flaw exists before testing

which is Just barely under critical size at proof pressure, measurable growth

might be expected at pressures above 70 percent of proof (since the .ower-

bound Kii/Kic threshold lies at about 70 percent.) Therefore, a conserva-

j tive estimate of allowable flaw size would be a size equal to 90 percent

of the critical size at proof stress.I
With this approach, allowable flaw sizes for three 623A cases are shown in

Table VIII. These represent the effects of membrane stresses only (i.e.,

they do not account for designed or manufactured discontinuities), and are

based on weld centerline KIC values shown earlier. Stress levels indicated

are based on proof pressures and minimum design thicknesses as indicated.

Though detailed discussion of the effects of weld contour deviations is

included in Appendix A, examples of typical deviation effects are illus-

trated for the three cases in Tables IX, X, and XI. Membrane stress

allowable flaw sizes are included for comparative purposes. Rather rapid

decreases in allowable flaw sizes with only moderate deviations are apparent.

For instance, where bulkhead allowable flaw size due to membrane stress in

the 18 Ni (200) large case is approximately .14 inches, this is reduced by

about 50 percent in a Y-ring weldment containing a five percent ( 8 = .05 x

.34 = .017 inch) mismatch. The probability of having deviations of this

magnitude is extremely high.
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A B. Alternate Materials

As illustrated earlier in Figure 1, the overall plan of the alternate

materials phase of this program included the screening of several candidate

materials, weld evaluation of three of the most promising alloys, and

detailed testing (specimens and vessels) of a single alloy. From results

of the screening tests performed early in the program two quench and

temper steels (5Ni and 9Ni) and one maraged steel (12Ni) were selected.

The screening test data for these three alloys is shown in Tables XII,

XIII, and XIV. Note that in many instances KIC values are conservative
and are so indicated. During the last quarter the first part of the weld

development program was completed (i.e., the multiple balance experiment)

and the 9Ni alloy was selected for continued study. Final weld optimiza-

tion, detailed tests of the selected weld process, repair weld evaluation,

thick section property tests, and the subscale case fabrication are now in

work. The following paragraphs discuss the approach and results of the

weld development program.

1. Multiple Balance Experiment

At the outset of this program, it was decided that the program objectives

would most assuredly be reached if a statistically designed experiment

were to be employed. The experimental procedure selected was the Multiple

Balance Design. This test plan permits evaluation of an unlimited number

of test variables without undue complexity or cost. Table XV lists the

variables evaluated.

Base Alloy: Three steels (two quench and temper and one maraging

steel) were selected based upon early screening tests as being most

promising as alternate materials. Tables XVI and XVII.

Filler Alloy: Three filler alloys were selected for each base alloy,

one being the composition shown best by preliminary studies and two
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modifications to improve toughness, strength or weldability.

Compositions C, D and H in Table XVI are similar to compositions

shown good by previous studies. Compositions B and I approach base

metal composition of the 5Ni and 12Ni steels. Alloy A is a low

strength modification of C. Alloy E is a modification of D with

increased Mn and Si to improve GMA weldability. Alloy F is a high

Co Modification of the base metal to promote self tempering by

raising the Ms temperature. Alloy G offers a strength level inter-

mediate between H and I and increased Mo and qecreased Cr should

provide better toughness.

Filler alloy size: Two wire sizes .045 and .062 inch diameter were

employed primarily to affect current densities in GMA process.

Pre-Weld Heat Treatment: The 12Ni maraging steel was welded only

in the solution annealed condition; the two quench and temper steels

0
were tempered at one of three levels between 850 and 1075 F.

Figures 12 and 13 show the heat treat response of the three steels.

Post-Weld Heat Treatment: The 12Ni steel was given one of three

post weld age treatments, 4, 8, or 12 hours at 900 F. The 5Ni and

9Ni steels were given one of four post weld treatments: none, temper

weld pass, 2-hour temper at 6000F, or a re-temper in accord with the

pre-weld heat treatment. Figure 14 shows a hardness traverse across

a 9Ni-4Co weldment after each heat treatment.

Pre Heat and Interpass Temperature: Two temperatures 150 and 300 F

were employed.

Post Heat Hold: The interpass temperature was held for 0 or 30 min.

after completion of the final pass and then the part allowed to
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I
i naturally air cool.

Weldor: Two weldors were used one for each shift.

Engineer: Two engineers directed the operation one for each shift.

Shift: The welding was done in two shifts approximately 2/3 on the

day shift and 1/3 on the night shift.

Priority Number: The order in which the panels were to be welded

was determined by a random draw.

Weld Process: The bulk of the effort was placed on one of three

processes, GTA, GMA and GMA (HD) with a lesser effort on GMA (short

arc) and Submerged arc.

Weld Joint: T o joint configurations were used for each process,

one wide and one narrow. Figure 15 illustrates the joint details.

Weld Energy: Four energy levels were used, 10, 20, 30, and 40 kilo-

joules/inch/pass.

Weld Speed: Two relative speeds were used for each heat setting,

a relatively fast and a slow.

Shielding gas: Five gases were employed: Argon, Helium, Helium +

Argon + C02 , Helium + Argon + Oxygen and Argon + CO2.

Gas Flow Rates: Two flow rates were used, 40 and 80 cfh.

Cup to Work Distance: Two separation distances between the torch

cup anid the work were used in the GMA p.ocesses .T and 1.0 inch.

Tip to Work Distance: Two electrode extensions were used in the GMA

processes .5 and .7 inch.
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Filler Wire Feed: Two feed rates for the auxiliary wire were used,

fast and slow.

I Cleanliness: Two cleanliness ratings were given, clean and not clean.

Trailer Shield: A trailer shield with Argon gas was or was not used.

fThree independent multiple balance plans were constructed, one for each
of the three weld processes under consideration. This breakdown was

selected to reduce the complexity of each plan and because each process had

slight variations which could not be matched.

A typical plan layout is illustrated in Table XVIII. It is subdivided into

four subgroups; each subgroup contains no more combinations than tests to

be performed. The first has 24 combinations, the second 16, etc. Sample

numbers were selected at random and assigned to a cell of subgroup 1 until

all were filled. The same sample numbers were then redrawn using a table

of random numbers and assigned to cells in subgroup 31 until these were all

filled. The extra numbers were then assigned in such a manner as to maintain

balance. This process of drawing numbers continued until all four subgroups

of each multiple balance plan were filled and all sample numbers had been

assigned.

The welding proceeded according to the plan. Test panels were assigned a

priority number and pulled from the stack according to lowest priority. Base

metal and filler wire delivery delays forced extensive changes in the originally

planned schedule but the random selection philosophy was maintained.

An example of how the multiple balance plan worked with pre-determined settings

follows: Sample #71 was welded using 10 kilojoules, wide joint, fast speed,

fast feed rate, 40 cfh of A, no trailing shield, well cleaned parts,

9Ni-4o-.25C, .045" dia. "d" filler, 975*F temper, 150"F preheat and interpass
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temperature with no hold time after completion of the weld. The variables

of operator and observer were not preplanned; the parts were welded as they

came and whichever operator was on duty at the time welded it. The post-

weld heat treatment was selected at random and for #71 was 1 (as-welded).

Prior to welding each test part, a "bead on plate" weld was made to establish

the specific voltage, current and travel speed to establish a stable weld and

yet have the predicted heat input. A plus or minus 10% variation was allowed

in the heat input to permit improved weld stability but in spite of this,

many of the welds were far from ideal. Very little could be gained from

earlier welds because of the hundreds of combinations available. In general,

welding voltages were established within a 2-volt range by the shielding gas,

the amperage by the travel speed range and electrode diameter and the welding

speed was the final adjustment to attain the desired heat input. Minor

variations of each were then made to achieve stability. Once a setting was

established, it was used in the test panel. Further minor variations were

made in the settings if determined necessc-ry. If gross surface porosity

were encountered, this was ground out and rewelded. Manual repairs were

employed as necessary to complete the weldment. No repair was used on crack-

like defects.I
Upon completion of the welding, each panel was radiographed. The films were

then inspected for three distinct defect types, porosity, cracks and lack

of fusion. Porosity was rated 1-5 with 1 and 2 being good, 3 fair and 4 and

5 poor. Cracks and lack of fusion were both measured by the cumulative

total length of weld containing the defect. This was reported as ranging

from 0 to 9 inches. Visual observations were made and recorded on the log

sheets as the welds were made but the lengths of cracks noted were not

recorded. Additional crack-like defects have been aoted on the fracture

surfaces but these have not been correlated.
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Following radiographic inspection those samples considered to be of testable

quality were given the post weld heat treatment and then machined and

I tested.

Each of the four evaluation criteria, fracture toughness, cracking, lack

of fusion and porosity, were subjected to analysis by use of scatter plots.

I Scatter plots have been made for each process-criterion combination for a

total of 12. These have been condensed into 4 composite plots in Figures 16

through 19, which show the scatter as affected by the major variables.

I Porosity

Figure 16 shows the scatter plots based upon porosity; from this diagram it

can be seen that the entire sample had a 39, 22, 16, 13, 15 distribution.

jHow each of 20 factors affected this distribution is shown. The mean is

indicative of relative effects. This chart shows that the most important

factors affecting porosity are the base alloy and welding process. Other

jfactors having significant influence are welding speed, heat input, filler

size and the shielding gas. In the GMA process the higher heat welds had

jmore porosity whereas in the GTA process the higher heat welds had less
porosity. The 9 Ni- 4Co consistently had the highest porosity and the 5 Ni

Iconsistently had the least porosity. The porosity level of the GTA welds

j was considerably below that of the GMA welds. The 062" dia. electrode

produced less porosity than the 045" dia. by the GMA process but the wire

I size had little or no effect on the porosity of the GTA and GMA (ED) processes.

Slow welding speed reduced the porosity level. The effect of the gas composi-

I tion appears somewhat erratic and has not been clearly evaluated. All other

factors appear to have a very minor effect on the porosity level of the

weldments.
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Lack of Fusion

Figure 17 is a scatter plot based upon lack of fusion instead of porosity

but only process -nd alloy are defined. The most important factor is base

alloy with the 12 Ni being the least prone to lack of fusion and the 5 Ni

being most prone to lack of fusion. Other factors affecting fusion include

wire size, speed and joint. The larger diameter wire, slower speed and wider

joint favored the lesser degree of lack of fusion.

Replicate samples did not show a close duplication with respect to lack

of fusion as they did with respect to toughness, porosity and cracking.

Because of the poor duplication, less certainty can be placed on conclusions

regarding lack of fusion than on any of the other factors.

Cracking

Figure 18 is a scatter plot for weld cracking. The most important factors

are alloy and process. The 5 Ni exhibits a much shorter average crack

length than the 9 Ni and 12 Ni. The 9 Ni exhibits a slightly shorter average

crack length than the 12 Ni. Other factors affecting the cracking are:

heat, joint and speed. The higher heat, wider joint and slower speeds promote

less cracking. The GTA process appears to exhibit the best quality.

Toughness

7 Figure 19 is an abbreviated scatter plot for weld toughness showing only

the more important variables. Differences which appear apparent between

processes are a result of confounding between the processes and gases. De-

tailed examination revealed the shielding gases to be the primary factors

and in particular the 02 and C02 are the ingredients reducing the toughness.

A detailed description as to how the multiple balance data can be analyzed

is contained in Reference 4. A brief description follows:
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Once the scatter plot is drawn, a visual check shows which factor or factors

are most important. The means of each column of the most important factor

are determined ard the differences subtracted out, e.g., the mean toughness

of 5 Ni is 168+, for 9 Ni 125 and for 12 Ni 120. Consequently, every sample

of 5 Ni is adjusted by adding -43 and every sample of 12 Ni is adjusted by

adding +5. After the adjustment is made, the data is again plotted and

again checked for main effects. Gas and filler wire are then found to be

important. After these three factors are corrected, the original scatter

of 130 KSI is reduced to 65, allowing analysis of the other variables.I
The analysis of the multiple balance plans was carried only so far as to

insure proper selection of an alloy to be carried into the factorial optimi-

zation plan wherein only one alloy will receive process optimization. This

alloy selection has been made although the two alloys 9Ni and 12 Ni are

j nearly equal in all respects. A detailed comparison between alloys is con-

tained in Figures 20 through 22. These bar charts serve to show the similari-

ties and differences of the three alloys investigated to the exclusion of

the other factors and summarize the data previously presented by the scatter

I plots.

I Figure 20 compares the alloy and welding process in terms of porosity and

lack of fusion. The superiority of the 12 Ni is the result of its increased

fluidity with respect to the other two alloys. The 5 Ni has the least porosity

because it is the only one of the three alloys with sufficient scavengers

Mn and Si to be effective in GMA welding.

The GTA process offers a much greater latitude of useful welding conditions;

consequently better overall weld quality was attained. The extra instability

added to the GMA process by the cold wire addition caused the GMA (ED) process
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Ito have the highest porosity level of the three processes. The reason

is partly due to operation in non-ideal ranges.I
Figure 21 compares the average crack length for each alloy and process by

X-ray inspection. The obvious superiority of 5 Ni is apparent. The low

average crack length in the GTA process is partly attributable to the low

metal build-up per pass. All GTA panels of 9 Ni and 12 Ni had cracks in

f the root passes but subsequent passes were able to either melt them out

or close the cracks so tightly as to be undetectable by X-ray. The degree

of excess penetration was less in the GMA processes so fewer cracks were

healed. The addition of a second filler supply to the weld puddle in the

I GMA (HD) process supplies a sufficient amount of strength to the hot weld

to cause a substantial reduction in cracking.

The cracking frequency as determined by unaided visual inspection shows the

relative crack susceptibility of tne znree alloys under normal weldind condi-

jtions rather than by an artificial "bead-on-plate" test. The 5 NI is far

less susceptible to cracking, the 12 Ni is most susceptible to cracking and

jthe 9 Ni has an intermediate susceptibility.

1Figure 22 compares the alloys and processes in terms of weld toughness.
Very little difference is noted between the 9 Ni and 12 Ni but the 5 Ni is

Isignificantly toughest. The low toughness of the 12 Ni in the GMA (ED) process

is due to a confounding of process and shielding gas. No significant

difference in toughness was noted between the GMA and GMA (HD) processes.

j The GTA process did produce tougher welds by a small margin but most of

the apparent differences are due to the effect of the shielding gases. Oxygen

I and C02 are detrimental to the weld toughness.
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Table XIX illustrates the weld toughness in a matrix of the more important

j variables. Replicate results are indicated by toughness numbers cected

with a hyphen. The excellent reproducibility is indicative that all signi-

ficant variables have been considered. The specimen size was too small for

th, 5 Ni to ensure elastic fracture; therefore, all the numbers followed by

a + are conservative. One sample was a single edge notch configuration

J which is cbpable of measuring higher toughnesses for a given specimen cross-

section than the surface notch configuration. This specimen recorded'a KIC

f of .03 KSI VUwith general yielding so the value is conservative.

JThe one 12 Ni KIC value of lol KSI Vff is felt to be unconservative because

of a weld defect located laterally from the fatigue crack.

Table XX lists typical welding rates employed in the Multiple Balance Study.

The conditLons selected for listing in this table were selected at random;

no particular pattern was followed.

Table XXI lists the factors which were found to be important and the direction

in which they affected the four ctiteria: porosity, lack of fusion, crack

susceptibility and fracture toughness.

2. Material Selection

The weld data generated from the 623A materials tests and the alternate mater-

ial tests have been compiled in Table XXII in a manner which reflects the

philosophies expressed earlier in the background discussion and, by using

consistent design factors, in a manner allowing direct comparisons.

For yield strengths noted shell gages are shown for 260 and 156 inch cases

operating at fixed design factors. Critical flaw sizes at proof for each

of the cases are also calculated using the same design factors. By comparing

30



the critical flaw size* with the design thicknesses, am estimate of

failure mode can be made. It is seen that only the 5 Ni alloy approaches

a "leak-before-failure" mode in the 260 inch case. Also, the 5 Ni, 9 Ni,

and 12 Ni alloys approach this condition in the 156 inch case.

I It was noted earlier that insufficient systems data is available to suggest

jthe use of 5 Ni in the smaller cases. Since present Air Force interest lies

primarily in the smaller boosters 5 Ni has been dropped from further study

I in this program.

I hlvgh from a case performance standpoint (i.e., strength ard toughness) both

the 9 Ni and 12 Ni alloys appear worthy of additional investigation program

j funds require elimination of one of them. The overall difference in behavioral

characteristics that were observed in this program were minor. At this time

it is not possible to make an irrevocable choice. Final choice of the 9 Ni

j alloy was based on the observation that the alloy was slightly less susceptible

to weld cracking.I
I
I
I
I
I
I

*Note that flaw sizes are noted in terms of (a/Q), and by assuming unfavorable

flaw shape (Q = 1), surface flaw depth in inches in equal to (a/Q).
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V. CONCLUSIONS

1. From the test results of panels produced by 623A contractors,

minimum KIC values for 18 Ni (200) GTA, 18 Ni (250) - Submerged

Arc, and 18 Ni (250) GTA weldments are believed to be 1I0, 55,

I and 60 KSI 4-9, respectively. When considering primary design

stresses only, these values yield allowable flaw sizes, (a/Q)i,

in the order of .14, .02, and .05 respectively.

1 2. Analyses of the effects of weldment mismatch in bulkheads indicate

fthat allowable flaw sizes can be reduced by as much as fifty percent

as a result of drawing tolerance deviations.

1 3. Residual stresses and subcritical flaw growth do not appear to

j be significant problems for the expected service requirements of

the existing 623A case materials and processes.

4. The 5 Ni quench and temper steel shows extremely attractive pro-

Iperties and processing daracteristics for 260 inch case application.

Its usefulness on smaller first stage cases has not been assessed

from a vehicle economics standpoint.

5. Both the 9 Ni and 12 Ni alloys show prcmise for use on the 156-inch

cases.

3
I
!
I
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MATERIALS INVESTIGATED

Boeing Independent Research and
Screening Tests on AF33(615)-1623/

Tempered Typical
or Yield

Aged Strengtn
Condition KSI

QUENCH & TEMPERED STEELS

Republic HP-150 (Vac Melt) 10150 157
[3Ni-1.4 Cr- .9Mo- .llMn- .26C]

I USS HY-150 (Air Melt) 11250F 144

[Ni-.4 Cr-.4Mo-.25 Mn-.13C]

Republic 9 Ni - 4 Co - 20C (Vac Melt) 4000F 193
[8.5 NI - 4 Co - .45Cr - .4 Mo - .25 Mn - .26C] 800°F 18910350F 185

I Ladish D6A (Air Melt) 10150 F 203
1050°F I9

i 1085°F 196

Ladish D6AC (Vac. Melt) 1015°F 205
1050lF 203
1085°F 199

I MARAGING STEELS

I 12 Ni - 5 Cr - 3 Mo (150) (Air Melt) 9000F, 3 Hrs 150

12 Ni - 5 Cr - 3 Mo (180) (Vac Melt) 9000F, 3 Hrs 202

1 18 Ni (180) (Air Melt) 9000F, 3 Hrs 193

18 Ni (180) (Vac Melt) 9000F, 3 Hrs 162
9000F, 6 Hrs 169

18 Ni (200) (Air Melt) 9000F, 3 Hrs 220

18 Ni (200) (Vac Melt) 9000F, 3 Hrs 211

18 Ni (250) (Air Melt) 900 0F, 3 Hrs 248

18 Ni (250) (Vac Melt) 900 0F, 3 Hrs 268

18 Ni (300) (Vac Melt) 8250F, 3 Hrs 236
100F, 3 Hrs 261
9750F, 3 Hrs 251

-E 5G



113!

A4- 9C6Q&, 7W/C,&'

S8A7(20 7



184M" WCZOO -

I F1A~ ZZ5

1 0) AGPED (9 900O-, a HYOUR,s

I (z) A'6ED 909c, 11 0 C/Pr



I
I

TNBLE
.75 7'H IC/(

I MAl.(2 60) suB- ARC
I

790) _(3)
4 184- 2/3

_ -

(I) 15r PASS 510e 2
(Z) 24 PASS SDE J - £cLA1rg

C3) ROvNO MOMrkb 8 eC



TNBLE V
48 # TM/CAk

I8 IA (Z60) 5U8-ARC

4 NR 4b/ H9 4 #2s 4,zm

19 zz /95 57

-9:3

~6O -

A) ACED 63 or- rIAA-ttS oreD
(Z) SUQRFACC FLAWS, Z~dPASS S/DF

t6



TAbLE V~t

/8 A14"(295O) 67(rA

I-A

a. - 89

(1) A4D@900 0.-c 3 WOUA2s-



I
I

TABLE

,3 39 7"76/

23 7

G , -- //

1 .2. 37 83-

I

I !, D@9oF oP.

IZ



I TABLE ~

ALLOWkBNL - k
COMASP\SON

THAICKWE& PR I~c~k(M N IM PR/4  Y-TC~ K('A IN ),

Z60'N. C&S _____ (S I N (IN ) K K

240dCA
ISNk (2%0) *7Z 173 S~S .02+ .R 1755 SS .040

A7 75 7 O I - 1V .053
GB4ZT 4 N S.5D.O~
(TrIauxl

PWOFK.9



kLLOWNBLE~ FLKW SIZE
Z60" CKE ISBNs(WO0) GTk

SHE LL (3)N (3)
_________ 1 -:50 GO 64.7 1Xj--IO r 1mU4.3

AEWRNNE 0.14-7 0.1lM

Y-RING. TO-

W"/ NGU LK M~

- 0.07 1

(1) FLNNS N0RAM.70 "OO0P STRESS$
ElCEPT K% NOTED

(a) F~NN H ORM4. M0~
(3@ 760 psi9 PROOF



I TA5LE X
I hLLOWkLE FLKW S $1E

SHELL (5 END (3)

MEVISRW'E O.0Z4 0.040

Y UNG4C TO (.O )

5%hIGLM0-1 0.0Z57

(VLN4dz NORVMV O "00P STUSS'
ElkCEPT K% NOTED

(3) @M 960 pi PROOF



kLLOW'*BLE FLIMJ SIZE
15("CNSE, IS N!(Z50O) GTh

SHELL (V KENUt (3)
_____ ___ q75

0.0scs
MAEIFSRk1NE 0.051

Y-R%MG TO- ~ ('
0.01

(0) VLN**, ROMMV.10 %A00? STRESS
E14CEP$ KHOTED

(3) @9SS~p-sc PR~OOF



jAiKw %mrs 0To
INmW-L o-jmWCTkGOTVV WO k k%) NM% ~cluPP

I FL i vi~* X15ZLo-300 .(.5R Z 0p 150o1.4.

SFL- B LO I FsCo'J\ C.110 1 N 0a 1,o M .3.9

I FL- I ____3Y'43 1.019 S.005 S.10(., 27 .0(. 15I000 2.O'I .40,

SVW -4 w X1I4532 R9376 .9o7 +.ooo 3.42S Ri- 2? C016 (.,ooo Z./ q 39I FW-2 zI 27 .0 .110 1~ 30 .6-7 f. ooo 1.07 .32

5IFW- 1 1 i I .7 0 14 3.0o4- ziiS St 30 .07 5000 IhQf .Z9

~~?WT ' W. OF _ ~ Ori4~1 k51 - KSI

TFL-I B 14133Z. 1.0198 .53102 At V L PT 1'47.3 L'4310 -I TFL.- Z i ___ 1.018( 0 8 ___SOBS L 14 7. 1 Il'S3I
T I.0I 3Lolo .5016 L 14& o 1144. se

TF VJ- 3 Vf )(I's3 R93716 .9975' .499q A%P - 110.7 139.7 4_

TFW-Z 'S ti t( 1.o0(68 .5051I % - I( II-0- 1*39.3 ___

-~TFW4-l I i V it .oo(.z, J.5o4.4 1140e H.3

-.ow



- TEN"p T1cue v~mt~/AA OF CKLES -IN. ~1~I

.005os 3.0(,' RT Zia .oc.p Is,00 l.09 .401 - - -

LI 5,0 5-110 ? 27 *oc. 1,000 2. 13 .49~
19 S.005 S.100 2 7 -0(. ),,00 2.11 .5,00 2.11 k SOO - NiC) tlo. z ).0

74.ooo 3..Z Rt Z .oG (.000 Z.q 1~ 7__ ____

~i3=07 2.110 It .30 6c7 (.,ooo 1.07 .325 1.07 .37.S 'L~ c -JC \~ .0

:)'4 3.o04- z.iIs " 30 .07 15,I00 hf Zt9 4 c_ _ _

t) ELONC-A- bON,

sp,4~~~ -r- M~t y9A~IWJE___ ____ -~ KSI -P. ~J
196 .51Oz. AIl L R T 11+7.3 194. - jq Z
18(. .50ajA L. 147.1 114.1 4q Z7 4
1b o e 5011 L _ _ 148.o 10 145~ 5e liS* zs 5,

)75' -49911 NIP~ - 43 .7 138.7 6z I/. 27 (/

o(.8 *505, 1( 1 4S.0 139.3 (.Z fZ 43

o3(.z. so4.4 U i'8Z ['40.3 4z gZ 2 _ _ __ _ _ _ _ _ _ _ _

2 M



IAI.

D4 .401 P. V- I- 14 M~ .3 j150.5 i1 3.0 L.05 224C - 2~

13 .499 .1 ~ 30.3 1S,. ''3.0 ).09 .399 5. __

ii .00 2,1 .Soo N.QC 1. . " 19O1' I'43.0 1.06 -596 158.0

iq ~ 9 -- ~12(..0 151f.3 139.6 1.10 135T0( - I'(.O

)7 .3Z5 ).07 .32s 4. pJC 1 Z.0 1*5i3.7 IS- 139.e I-.08 ZZI _ I__ __0

l'f .~94 -. ___ _ __ __ _____ " 13s,.. 153.1 139.1a 1. 10 JZls ____8

b~I RtFDU-1O

I COO0 ~o

- "I 77

7 6z 4'z Zf (A

48 v 2

TABLE II
SC.REENNI.G VTDt-

A.LLOY: JYlO

KEILT PP.Cr\CE. P Mv-lx7

(o7



CK)JES \4~4 GROS TPr r0W4N RA, tNum8s uw-l DEPTR

\xI- - IN. IN. -~a TE W-? flGue VMS OFCIM/r 1b.OF CKLIA

14'0 ____ _____ __ - -75,qv Y-0 -zN- (..0- 0( t(609S .2701

S-Jao o If -_ -760 3.oo z.zgo 50.0 O0a 6jZOO *g9s .30(
"-_t_0_8_ B It - 1.038 .7-0-L y132; q s.o *o(. 5,0oo 1-09S'1 23 S

~'scw-3 V_____ 393070(a 7M650 .70(,, Z.515- 1.77& RT Z70 .09 18:1000 .790 .208
scw-z w %1 41~~' .711 1.99 Zi. I zz7 C8 1,0 ,.120.'Z

______ w it i .7J/ 1.00/ lz.13'/ Z, 7.0 1.09 I13 ,0 .765 I-zoo

-ASECItAENS NOTD WEST REIF (I) Tr-Ph,% RCQUIPLEbENTS

g:: t,%.L W'OKN-V LE T it k% ON Pr.J-Je
0RIC61%P6-16.-. TMEP't AXt %a0 3S-

'Ae BR ET L)LTIKNTm YELT* EL

Tc307UG - .zqs. .Oq1SS kIfZ 1-. Rt *l7 7'I c kL-. ___ 7- Zf69 ,Oq87 ___ _ L t 193.7 ISS.'s -

T-L Zqgq .oig9 ____ LaqI9S %'.(o ___&

- .h1q9 1 13111 14L- 1 92.9 I8'.% (.o

I TczAWJ-3 39____3078(b3Mes50.250?- Oqg _____ P- 191.0 )(me4 (o
'LI w - ?-' i zq 98 .oq9o it 19Z 73. 4

TC- - I w I.zq.9r. Oqg 1 943 1714.1



SF\WrNFPMC-%VE S 'Kr(E~~N'&\O N CRtC) eTTP V \,..e)NC-\ 'FRA.TU

KA.*,tAQK -Mrs rovrAx. LENr.H lFL4 GRSSKRM PT'AC E~C)NMS '4T GROSS TF-ST TEON FA,- RpT'o NUMEP %LEwcnl PEPTK (Nkr-m (.7mit FLIkW 1EST GROsSAM S\TrNw % t
W. .-. IN. 4-EP Tet"?\P. Tku S KI4tP OF CYQLES - IN -~ W.~ Wme_____ -

,.T 7.0 ozz Oo O0o 3, (OO 9SS .2701 - - __ 11

'0o Xco z.zgo " 50.o O(a 6,200 .egs .,30( -

36 7-07- 3 J3Z q5- 4s- (. 5,000 1-09s . - -

OG Z.65 11.77& IRT 3. .09 18,000 .790 .208 - -- -______

I Z.999 12. 1 n ' I Z7.0 .08 17 00 8Z .2 -40 .8*30 235W ' N&CI1 140.3 1,0 it

1 3.001 2z.13', 'a ?.7.0 .08 (3,00 .795 -ZOO - - ______ ______

JtA.TME > "O P11-.EIv'EN

o-T~k%\om Ks%) .oo OF_ _ _ __ _ _ _ __ _ _ _

M, .OqIss Pol L. Rr 04-.7 M7.9 -i is (- 10-6

59 01W7 L 193.7 le.' %s (3 l0ss

;I q c -g9 L 19. 161i.(o k s 6q 103
it__ _ t-_ __ l, i.'i IS(..9 57(a 37 zi1 ___ _ _ 1035

It311 L s 19Z. 9 la.%~ (.0 37 Z?. .. 9 1035

o? OqgZ NK - 91.o )(0814 (o + (PORMI-TY o15%MVE Ohl IFR).

96 1 499 1 _ __ _ It___ 1914.3 l7q4. I - 1 . _ _ _ _ _ _ _ _ _ _ _ _ _

2 w~



L~NT~ ~GWS P.Smctosh' NETm VI~ IN01OUS TOAPIt

C) IA LR ( r l p t- 
*lr. G ROS AM I. _ _ _ -T 

A 
-g IV v v 

F E

S.2701 A- 1 - "BO T.t 1o lqZ.3 19Z.7 -719 17Z-5 110.9 - +00

)S .S( -- -- " I(Si.z 18Z.3 189.1 .9(q .18sas I58."S - .900

____ _ __ _ _ __ _ _179p ?3 197.5* 185. 1 .067 Zr3I0 1 Q I Z 103

0~~~~~~~ .20 -1 ____tV 489 182.0 173.7 1.015 1 30.1__

-.0 *azo *.330 zSA 6 < N&CJ1 140.3 1.0 167 q 181.2 173.7 1.094 .17q4 ___- S3_

,~~ ~~~ .z0 -' ?.. 187-S' 173.7 1.08 ./s-7 _ _ _ _ _

Z (. 1035

So 37 ?.. (a 1035
__40 37 27.. 0..9 103's

+_4 9 - 4 (PORoI*ry 05,evYED ON4 FPrT'.k -UQCVPCF

A4.LO*Y: 9Ni-4Co-,ZOC

M4EL.T P.lb T\C.E VkcuuM.. KALT



I p-C SI a' ~-k

B____ M5339___ L___ 3.001 R_ Z7.0 .0&__ A,__ 000 1.07 .94

%____ It - 1.054 3.008 3-170 14 27.0 __0(__ 10000 LOS.3

A'SLEL.-I 1 Aiza 60_I.~ 3.990 5.530 1. 28.0 .0(0 11,00 IT1.5

ISEWI. - 4 (0'X15 339 T 39( 3S .9(. 3.0122. ZSYS* Rr z.'4 .06 ,O i.o 3:

'srzw I- sz '4 14 .94 3.041 12.943 ?9.4 1o -0( 5,0 10f 3
____- vW It %% .9) 3.0o ?.911 Z9. q .0( 5; 00 1-0E .31

SEWA- 3 W Is It9517 .715 3.011 Z.147 it Z7. 0 .06 J,,00 1.07 .3.-

SE4- I "o 1 .70q 3.002. 2.115 '1 Z7.O .08 6,000 1.07 .3
SEWJ- I w .08L9 2.119 z'a .09 ~o .8 .

%PKIWdIEM NOTED KiEET REF(%') 'Tr=TPT%\J% RE1~tfAYT%

ILcKN5m%, r-r. I 7 -INI

TEL-, 5 XIS59 _ .149, Oq~es kip L Irk_ 207.Z. _______

TEL-2. 8 " - .Z4193 .os qL ___ 0~7.7 202.S

B- - - zq9o .04187 toL ___Z& o

%139T390S.Zq8g .04.aq kkk - IT 19q. z 1.91A

TE\"Jl- 4, 111 to .Z493 SoBS ~ aa 19q.21 I S9.9
__ __ __ _______ It'a 9si? .205 *~.89-' 199.(A 19S.1
~TW- I vi_ __ _ of - -_ z9~ .49 ____ ____ a 0. ~ ____

111 9921 11.



HC.OSS 3.008 3.OS0 ">?T 27.0EP .O%. GROSS 1.05i .Sxm-f - -

TENIO FPoa zufs95p Rik No L.oACIO IWOO s-m e,3 O -s

IN. I . T.9I3 VVT fA9.qPP. OF~ CYLE I.' *Z IN-' .S% I . N-i 437

%.O'4 3.004 3.143 RT ZZ.' .0(0 4000 1.07* .36T -~ 1. 4.. A-

10 3.051a 3.170 14 27.0 .0(. 5000 .07 '.330 - - -

70q 3.0021 2.963 4, 19.04 .0(m 4', 00 1.074 .3Z 0 1.04 .3 4,~ N&.Cl 1143. s

708 1 Z993 2.119 " ZZ0 .09 5'0 .08 .51o - - -

I OTLMTIMPt Kkr YILZ EL NItIA L - DCTO
DI9%Lnow I~t~AI __%_ Pet.____k) l

"IN. -)N' a____ 00~tEo~- s -. ~
49'y .0q86 I-__ L {R 207.Z. ZoZ.'4 - 439

:493 .O48eg L It__ 207.7 202.s - 4

~'490.07____ L ' ZoS.iA Z05.o L0 t-

482 *ojoq kd M, PT 19q.z 1-91.1 - 9

'4q93 .pB 0'I bi l19f. 589.98
q-9 .0'.489 _ _ __ It 19.(& 19S1 - -

4,9T .0149 __ _ 201.'1 19(099- 4- 8_ _ _ _ _ _ _ _ _ _



SU~b-%Nirk> -CA-.V NC-% VRAZRJRC WST T FA~.WQ) ~N SM~rtrcz -TeNSV0

LEGHt~u rcpors NET ylVu0
*Nr(Wl DEPTRN (Ar-rp (hmv FLMJW~ S%%W~ Kmlw S p. -W&,I

Isu"fJND sww.JNb Co A~hlc"WR ls*'4%, WMESS Kr1oZ K%%tx s %(ebIN

.07 3(o - - N&.Cjt tSZ.Z 1.0 A'%R ISO-(, 200.0 202.4 -99 .227 100O

1o sS -- - -- a 79.0 199.O0 Z02.4 ( .98 .ZZ4 14- -7

sI .SZS --1(. IS(..0 19Z.7 *9(o .'516 18Z.'A

os .35,0 - - ~- AIR~ 179S 1.99.S 190. LOS .224 _

0'4 .325* i.0'I -a5ss 46. No.C 143.7 '~167.0 207.13 190.4. 1.09 .2.S - 17Z.0 __

0~4 .333 - A, - - It 188.1 Z07. 5 190.(4 1.09 Mtz -5 172.7
07 .330 - - 4. 1_-_- 71.0 81-T 19(90 -44g. 03 (.. I

07 .340 1.0% .364 4L N&.Cl S~7.9 1.0 " 8Z.4 97.0 19(.0 .49 .Zia flS -

09 I-SO - - - - (.~9..19(..0, .51 ., 74.7

o o IDrC% L

- 9-

TAJNL E 7%=
SCREENING TES NV

49



iI

ITABLE XV

i LIST OF PROCESS VARIABLES CONTROLLED IN MULTIPLE BALANCE EXPERIMENT

1 1. Base Alloy 12. Weld Process

2. Filler Alloy 13. Joint Configuration

1 3. Filler Alloy Size 14. Energy

4. Pre-Weld Heat Treatment 15. Speed

5. Post-Weld Heat Treatment 16. Shielding Gas

6. Pre-Heat and Interpass Temperature 17. Gas Flow Rate

7. Post Heat Hold 18. Cap-Work Distance

8. Weldor 19. Tip-Work Distance

9. Engineer 20. Filler Feed Rate

10. Shift 21. Cleanliness

11. Priority 22. Trailer Shield

-70
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TABLE XVII

PROCESSING HISTORY OF ALTERNATE MATERIALS

I5Ni-Cr-Mo-V
Supplier: United States Steel Corporation
Melting Practice: Air Melt - Electric furnace - Lime Alumina Slag
Heat No.: X-53957 Size: 80 ton
Ingot Size: 32" x 60" Hot Rolled 20000 finish at 1900F
Rolling Ratio 1.8/1.0 (L.T.)
Austenitized 15000 l1 hrs. Water Quenched
Tempered i hrs. at 875-1075* Air Cooled

9Ni-4Co-.25C
Supplier: Republic Steel Corporation
Melting Practice: Vacuum Arc Remelt-Carbon De-Ox.
Air Melt Heat No.: 3311846 Size: 90 ton
VAR. Heat No.: 3930960 Size: 5 ton
Ingot Size: 24" Dia. Press Forged from 24" RD to 18" x 4"
Hot Rolled 17500 finish at 1500F
Annealed 11250 3 hrs. Air Cooled
Austenitized 15500 1 hr. Oil Quenched
Tempered 2 hrs. + 2 hrs. at 900-1050 Air Cooled

l2Ni-5Cr-3Mo
Supplier: United States Steel Corporation
Melting Practice: Air Melt Electric Furnace - Lime Alumina Slag
Heat No.: X-10058 Size: 20 ton
Ingot size 29" x 54" Hot Rolled 20000 finish 18000 F
Rolling Ratio 2.4/1.0 (L.T.)
Annealed 15008 1 hr. Water Quenched
Aged 4-12 hrs. at 9000

7Z
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1 o3

H 10 20 30 Weld Heat
N N I W N W N W Weld Joint

S 93 77 74 84* 89 81
F 73 76 72 85 79 75

91 87 83 92 80 90
S L 71 * 86 82 88

H *

A He Gas

9 40 80 40 80 Gas Flow

A 71-94 84 79-92 72
NoB 87 175-93 83 81-90

YesA 80 85-91 77 73-86
B 88-89 74 78-S2 76

0

HY 150 HP 9-4 12Ni(180) Base Metal

(a)(d 0 90-94" 71 86

(g)
L + 77 82 79-89

(h) 80-93 72 81
M + 76 73 75-78

(c)(f 87 84-88 85

H + 91 74-83 92

0o W
4

a4L M H Prior H.T. Cond.
0; 8o-9o 71-9* 78-8

150
- 30 85-91 73-82 8-9

3 0 84-9 2-77

300
t 101 79-89 86-87 1 68

TABLE F Work Sheet for Multiple Balance Design Experiment
Gas-Tungsten-Arc (GTA) Weld Process

*Denotes Location of Replicate Samples
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TABLE XXI

SUMMARY OF MULTIPLE BALANCE EXPERIMET

EFFECT ON:

FACTOR POROSITY FUSION CRACKING TOUGRS S

1. Alloy Strong Strong Strong Strong

2. Filler Minor Minor Minor Minor

j 3. Wire size Moderate Moderate Minor Minor

4. Tener Condition Minor Minor Minor Strong

1 5. Post weld temper Minor Minor Minor Strong

6. Pre-heat Minor Minor Minor Minor

7. Post heat hold Minor Minor Minor Minor

{ 8. Welder Minor Minor Minor Minor

9. Engineer Minor Minor Minor Minor

10. Shift Minor Minor Minor Minor

11. Order Minor Minor Minor Minor

12. Process Strong Minor Moderate Minor

13. Joint Minor Moderate Moderate Minor

14. Energy Moderate Minor Moderate Moderate

15. Speed Moderate Moderate Moderate Minor

16. Gas Moderate Moderate Minor Strong

17. Gas flow Minor Minor Minor Minor

18. Cup-work Minor Minor Minor Minor

19. Tip-work Minor Minor Moderate Minot

20. Filler feed Moderate Minor Minor Minor

21. Cleanliness Minor Minor Minor Minor

22. Triler shield Minor Minor Minor Minor

7
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NOTATION

p Internal Pressure
it Wall Thickness

R Radius of Vessel

Me Circumferential Bending Moment

M4 Meridional Bending Moment

No Circumferential Force

Meridional Force

AkO Meridional Flaw Size Correction Factor

Ave Circumferential Flaw Size Correction Factor

1(3PlaH, M Influence Coefficients for Rotation Due to
Subscripted Farce

Sp, SH, SM Influence Coefficients for Radial Deflection

Due to Subscripted Force



I
ANAISIS OF SECONDARY STRESSES

1. INTRODUCTION

1.1 Significance of Problem

The elding of large motor casings can introduce both geometric discon-

f tinuities and embedded flaws into the casing wall. Secondary stresses

which result from the geumetric discontinuities affect the fracture

resistance of the casing at the location of the embedded flaws. Hence,

a knowledge of secondary stresses that can be developed by gometric

discontinuities is a necessary prerequisite to the prediction of the

performance capabilities of a given motor case.

1.2 Object and Scope

This study has two objectives. The first is to determine the secondary

stress fields which can be developed near geumetric discontinuities in

large rocket motor casings. The second is to establish the effect of

the secondary stresses on allowable flaw size.

IThe study will be limited to the consideration of discontinuities which

can be caused by the welding of large casings. Geometric discontinuities

commonly due to welding are

11) angular mismatch (Figure la),

2) radial mismatch (Figure lb).

Individual analyses are made of each of the abovementioned discontinuities

at longitudinal and girth welds in both the heads and bodies of rocket

motor casings.

A geometric discontinuity inherent to the design of the vessel is the

Ihead to shell juncture which is effected by means of a Y-ring. Analyses

A.
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were made of the Y-ring Junctures for three different motor cases in

order that the combined effects of Y-ring discontinuity, material de-

lamination and radial mismatch could be computed. A sine solution

has been completed for combined effect of Y-ring discontinuity and

angular mismatch.

2. THE FLAW SIZE CORRECTION FACTOR

Results of studies of geometric discontinuities in large rocket motor

casings will be expressed in terms of a quantity called the flaw size

correction factor. Critical flaw sizes are computed from the expressionI
1 KIC 2  1

(a) cr. T.1 WT.(1
where

a is flaw size,

Q is a function of the order of 1 which has a value
dependent upon the flaw shap- , yield strength of
the material, and applied stress level.

KIC is plane strain fracture toughness of the material
containing the flaw,

o T is the cumponent of the stress field acting perpendic-
ularly to the plane of the crack,

Xv- is an approximate correction factor to account for the
relative geometry of flaw and structure.

The above expression can be written as

a i IC2  1
()cr. = 1.2ff Ak I (2)

~~wherem
the cumponent of the membrane stress solution acting

m perpendicularly to the plane of the crack,

Ak is the flaw size correction factor.

A-Z
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It is now apparent that

Ak (3)

and is a scaler by which a critical flaw size associated with a given

component of the membrane stress solution must be divided in order to

obtain the critical flaw size associated with the corresponding component

of the total stress field.

3. ANGULAR MISMATCH

3.1 Assumptions

In the following stress analyses of angular mismatch, it will be

assumed that

1) Plane sections remain plane and normal to the inextensional

middle surface (Kirchoff Assumption)

2) The geometry of an angular mismatch is symmetric with respect

to its cusp

3) The angular mismatch is sufficiently far away from other causes

of secondary stress so that there is no interaction with the other

causes (other mismatches, Y-rings, nozzle adapter rings, etc.).

3.2 Cylindrical Casings

3.2.1 Girth Welds: In the analysis of angular mismatch at girth welds,

it will be assumed that the angular mismatch is axisymmetric.

If angular mismatch is not axisynetric, it is suggested that the

stresses at the point of maximum sink-in for the non-uniform

mismatch can be approximated by the stresses in an axisymmetrically

mismatched cylinder with a sink-in equal to the maximum sink-in

of the non-unifonrg mismatch.



I Secondary stresses which result from angular mismatch depend

on the geometry of the mismatch. If the sink-in curve shape

is described as shown in Figure 2a, three variables are needed

f to describe the mismatch geometry: the length L, the sink-in 8

and the curve shape T. It was decided that a better assump-

jI tion for mismatch geometry would be the shape generated by an

imaginary concentrated moment assumed to act at the mismatched

weld (Figure 2b). The concentrated moment is probably a good

representation of the manner in which an angular mismatch is

developed. The latter representation reduces the number of

variables needed to describe the angular mismatch to one, 8 .

Furthermore, the use of the concentrated moment representation

takes into account the effect that motor case geometry would

exert on angular mismatch geometry.

The problem of axisynmetric angular mismatch was solved by

using the direct stiffness method described in (1). In the

neighborhood of the angular mismatch, the shell was represented

by a series of finite truncated conical elements connecting

nodal circles (Figure 3). It was assumed that the displace-

ments everywhere in the structure could be described in terms

of the displacement of the nodal circles and that the pressure

load could be replaced by a set of equivalent loads at the nodal

circles. Compatibility of deformation was satisfied precisely

at the nodal circles and approximately along the other elemental

boundaries. The displacements were represented by the three displace-

ment components u, w and le at each nodal circle. These dis-

placements and the corresponding equivalent loads T, N and M

are illustrated in Figure 3.
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It was discovered that the angular mimtch problem exhibited

a been-column type of non-linearity. The non-linearity was

taken into account by using the incremental force method

Idescribed in (2). Briefly, the proof pressure load of the

structure was broken into a number of increments. The deflec-

tions were computed for the first increment of load by using

I the stiffness matrix of the undeflected structure. The com-

puted deflections were then added to the initial geometry and

a new stiffness matrix was calculated for the partially de-

flected structure. The deflections for the second increment

Iof load were then computed by using the new stiffness matrix.

1This procedure was repeated until the total pressure load was

added to the structure.

The accuracy of this approximate solution depends on the number

of increments into which the load is divided. It was found

that for the particular problem of circumferential angular

I mismatch, division of the load into more than five increments

resulted in only a very miall change in the computed forces.

Hence, the load was added in five increments in all of the

J solutions described herein.

The stresses due to the various secondary force components

developed near an angular mismatch at a girth weld in a cylinder

I are illustrated in Figure 4. The stresses are for the particular

geometry indicated on that Figure. The duminant stress is that

Igenerated by the longitudinal secondary bending moments. The

longitudinal bending stress is maximum at the apex of the cusp
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of the mismatch. The shear stresses are small in comparison

to most of the other secondary stresses and will not be taken

into account in the computation of flaw size correction factors.

IAll other secondary forces will be taken into consideration.

The flaw size correction factors computed at the apex of the

cusp are shown for three different motor casings in Figures

5, 6, and 7. The correction factors are computed using the

maximum moment stresses acting in the outside fibres of the

casing wall. Hence, the correction factors are conservative.

3.2.2 Longitudinal Welds: In the analyses of angular mismatch at

longitudinal welds in cylinders, it was assumed that the mis-

match geometry was uniform along the entire length of the

cylinder. If the mismatch is not uniform, the stresses at

T the point of maximum sink-in can be approximated by the

stresses in a uniformly mismatched cylinder which contains

a sink-in equal to the maximum sink-in of the non-uniform

mismatch.

The shape of the assumed angular mismatch curve is illustrated

in Figure 8. This simple geometry was chosen to avoid the

complexities which arise from taking the curve shape caused by

a concentrated moment acting at the longitudinal weld. The

solutions had to be computed by hand and a choice of a cam-

plicated mismatch geometry would have added greatly to the

amount of hand calculation that was necessary. It was found

in the girth weld angular mismatch problem that the solutions
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derived from the curve shape of Figure 8 differed little from

solutions derived for the more complicated mismatch gecmetry

of Figure 2b. Hence, the more simple geanetry was chosen for

I the solution of this particular problem.

j In order to solve the longitudinal angular mismatch problem,

it was assumed that the cylinder underwent a plane strain type

I of deformation. Hence a slice could be imagined to be cut from

Jthe cylinder forming a ring. Because of the plane strain assump-

tion, the forces developed in the ring by the pressure acting on

the slice are the same as the forces generated by the pressure

acting on the cylinder. In the analysis of a ring, it can be

imagined that the circular force line of the ring is straightened

out to form a bean as in Figure 9a. For loadings syletrical to

line A-A on the same figure, the boundaries of the analagous

beam would be fixed. If the beam is loaded with the longitudinal

forces pR and the cylinder with the pressure p, the forces gene-

I rated in the two structures at corresponding points are identical.

Intuitively, it was felt that the forces developed in a pressurized

ring with angular mismatch would be very nearly the same as the

forces developed in the beam of Figure 9b. The only difference,

in the case of uniform longitudinal mismatch, would be the

1 "pinching effect" of the pressure acting against the mismatch.

This effect is small. A linear analysis of the two structures

yielded solutions which did differ only by the "pinching effect."

I A non-linear numerical analysis was made of the analagous bean of

j Figure 9b in order to determine the forces generated by longitudinal

angular mismatch. A set of deflections was assumed for a discrete

I7
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I number of node points along the beam and the moents generated

by the longitudinal forces acting through the deflections was

cumputed. The deflections resulting fron the moments were then

determined at each node point and compared with the assumed

deflections. This procedure was repeated until the assumed and

ccumputed deflections agreed at every node. The converged answer

is the correct answer to the problem. The analysis was made by

well known numerical techniques that can be found in most texts

on nuerical analyses.

The magnitude and distribution of secondary stresses developed

by an angular mismatch at a longitudinal weld are shown in

t Figure 10. The stresses are for the particular geometry indi-

cated on the Figure. The dominant stress is the circumferential

bending stress which is maximum at the apex of the cusp. The

shear stresses are small and will not be taken into account in

the computation of flaw size correction factors.

The flaw size correction factors computed at the apex of the

cusp are shown for three different motor casings in.Figures 11,

12, and 13. The correction factors are computed using the maxi-

mum moment stresses in the outside fibres of the casing wall.

3. 3 SPRERICAL HEADS

3.3.1 Girth Welds: The method of analysis of angular mismatch at

girth welds in spherical heads was identical to the method

described in connection with angular mismatch at girth welds

in cylinders (Section 3.2.1). It is wished to do some final
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checking of the results before they are reported. Semple

results are presented for one motor case in Figure 5.

3.3.2 Gore Welds: Because of the uniform geometry of a sphere,

Iangular mismatch at gore elds gives the same results as

f does angular mismatch at girth welds. It is recognized that

a uniform angular mismatch mill never exist in a spherical

head. However, it is again suggested that the stresses at

the point of maximum sink-in for a non-uniform mismatch will

I be equalto ar less than the stresses in a uniformly mimatched

fgore weld vhich contains a sink-in equal to the maxim= sink-

in of the non-maiform mismatch. Hence, the same flaw size

correction factor will be given for angular mismatch at both

girth and gore welds in spherical heads.

i
I
!
1
I
I
!

!~



4.1 Assumptions

In the analysis of radial mismatch, it will be assumed that

j 1) the Kirchoff assumption is valid,

2) radial mismatch results only in an offset of the middle surface of

the shell and does not change the geometry of the joined shell seg-

ments, i.e., cylinders remain cylindrical and spheres remain

spherical.

The first assumption reduces the radial mimatch problem to one of two

dimensions so that the usual two dimensional shell theory can be applied.

The second assumption permits a general solution which is applicable to

any motor casing. In motor casings, welds are used to join theoretically

jperfect cylindrical or spherical segments. If any radial mismatch is

introduced at the weld, the joined segments cannot be geumetrically

perfect. However, the amounts of radial mismatch will be very small

in cumparison to the radii of the joined segments. The resultant

I deviations from the assumed geometrically perfect surfaces should

normally be slight. Hence, the second assumption seems quite reason-

able. If significant geometry changes are introduced by a radial mis-

match, each individual problem would have to be separately analyzed.

I 4.2 Cylindrical Casings

4.2.1 Girth Welds: Consider an axisymuetric internally pressurized

shell which has an axisymmetric radial mismatch (Figure 4a).

I If the shell is imagined to be cut into two pieces by a plane

passing through the mismatched section, it is fundamentally

I possible to represent the forces at the cut section by equal

and opposite shearing forces Q and equal, opposite, and col-

IX-IO
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linear forces N acting along same unknown line of action

J(Figurel4b). There is no bending moment. If the longitudinal

forces are moved to the middle surfaces of the shell segments,

they must be accompanied by the bending moments MI = Nd and

M2 = Ng (Figurel4c). The two moments M, and M2 differ by an

amount N 8 because of the nonconcurrence of the middle sur-

faces. This imbalance in moment, N 8 , will hereafter be

called the "mismatch moment."

By writing equations of continuity at the Joint, it can be

shown (3) that

Ml. = Yp + PN

M2 = Y P + P 2 N 8

where

(161H-R )(8nM-82M) -(81I-2)(81H-8-. )

182M(81H-82H) - 8 2M (#lR ) C2)
"1E- 2081M-80) ( lM- 2)(zl-8)

9 1M(8lES2H2) - 8 1M VI-6H

The subscripts 1 and 2 relate the subscripted quantities to

the two different shell segments of Figure 14.

Since the shell geometry is assumed to be symmetrical with

respect to the misnatched seam, it can be shown that



4.2.1 (cont'd) -Iz-

1 Y= 0 (5)

and the moments M1 and 42 take on te value

IMI IM (6)

A further consequence of the assumed symmetry of shell

geometry is that the change in membrane force N which is

caused by the radial mismatch is zero at the mismatched

section. Hence, the value of N in Equation 6 can be taken as

the membrane solution value of NO.

In general, circumferential radial mismatch will not be axi-

symmetric. However, the assumption of insignificant geometry

change leads to the following result: if the amount of radial

mismatch at any location on the non-axisymetrically mis-

matched joint is S, the value of the moments MI and M2 will

be N#6. /2 at that particular location.

The secondary forces developed by radial mismatch are distributed

to the adjacent shell segments in which they attenuate to zero.

IA solution (4) is available for the attenuation of the forces

near a axisymnetrically mismatched circumferential weld. A

I solution could be developed for non-axisymmetric mismatch by

means of a Fourier Series analysis. However, the latter solution

has not been undertaken.

I The theoretical distribution of longitudinal bending moments

!
~A-1lZ
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4h.2.1 (cont'-d)

developed by a axisymnetric radial mismatch is included in

Figure 15. It can be seen that the peak moments occur at the

mismatched weld and that the weld is located in an area of

rapidly varying secondary stress. It is recognized that the

i peak moments computed for the idealized mismatch of Figure 1

will seldom, if ever, be realized in an actual vessel. Actual

mismatches will not be as abrupt as that shown in Figure 1.

However, it is conservative to use the theoretical peak moments

in computing flaw size correction factor. Hence, the peak moments

will be used in this appendix in the flaw size correction factor

determination. Furthermore, it appears appropriate to assume

j that the peak secondary moments are constant over the total

width of nugget and heat affected zone.

Computations have shown that stresses developed by secondary

forces other than the bending moments are small. For example, if

f O IV i.

I p l 7o

the maximum bending and shearing stresses are

I FGbending = 26,300 psi

i CUshear = 430 psi

Hence, account will be taken of only the secondary bending moments

and primary membrane solution forces in computing flaw size

I correction factors.

!
_ I -I3
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For cylindrical casings, N will be set equal to the membrane value

I of p R/2. The maximum value of the longitudinal bending moment

is then p R S /4 where 8 is the value of the radial mismatch at

I the section under investigation. The resulting circumferential

bending moment is/qpR S/4. The meximum longitudinal and cir-

cumferential stresses occur in the extreme fibers of the casing

wall and are given by the expressions

I +
The corresponding flaw size correction factors are

t (8)

Equations 8 are plotted in Figure 16.

The above flaw size correction factors are conservative values

since they are based on the maximum stresses wVtch occur in

Ithe extreme fibers of the vessel wall.

IThe attenuation of the values of the longitudinal flaw size correc-

tion factors in an axisymnetrically mismatched cylinder is

illustrated in Figure 17.

I
I
I- 14.
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4.2.2 Lonitudinal Welds: The same assumptions and reasoning

that were used in the stress analysis of mismatched cir-

cuferential welds have been used in the stress analysis

of mismtched longitudinal welds. The value of N was

taken as the membrane solution value of Nowhich equals pR.

The value of the moments M1 and 14 become pR $/2 where S

is the value of radial mismatch at the section under

consideration. The resulting longitudinal bending moment

is given with sufficient accuracy byMpRS/-Z . Hence, the

maximum circumferential and longitudinal stresses in the

case are

Tr. P~ :4 (9)

The corresponding flaw size correction factors are

A&f (10)

Equations 10 are plotted in Fire 18.

A study of the attenuation of the circumferential secondary

bending moments was made in (5). Solutions were derived

for longitudinally mismatched cylinders with simply supported

ends. However, if the mismatch is located sufficiently far

away from the end support, the end support condition should

not have a great deal of effect on the solution.

A-IS



4.3 Spherical Heads

4.3.1 Girth Welds: The analysis of radially mismatched girth

welds in spheres is very similar to the analysis described

for radially mismatched girth welds in cylinders. If

the head is imagined to be cut at the mismatch, the force

system on the cut faces can be represented as in Figure

I 14a orl4b. If one uses the simplified theory for spherical

shells (4), it is found that

IM11i = IM21 =4 NS)

Iwhich is the same result as that which was derived for

cylindrical shells.

The ratio of (R/t) for the heads of large rocket motor casings

is very large. The simplified theory of spherical shells

gives very accurate results for such heads, even near the

crown of the heads. Hence, equation 11 is valid for all

1 girth welds which do not fall within the area of influence of

the Y ring or nozzle adapter ring.

The value of N is the membrane solution value of pR/2. The

j absolute value of the moments Ml and M2 is then PR6/ . The

corresponding circumferential moment is.pS/A. Ignoring the

effects of shearing forces and changes in the in-plane forces

jof the stress state, the maximum meridional and circumferential

stresses at the mismatched girth weld are

r2- +. 
(12)

2- -c
+I'A.1



j 4.3.1 (cont'd)

The corresponding flaw size correction factors are

I (13)I

Equations13 are plotted in Figure 16.

1 4.3.2 Gore Welds: Using the simplified type of analysis described

herein, the analysis of the secondary moments developed by

mismatched gore welds is identical to the same analysis

for girth welds. The resulting flaw size correction factDrs

for mismatched gore welds is

Av~e [44(14)

Equations 14 are plotted in Figure 18.

I
I
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5. AMALYSIS OF GEONTRIC DISCONTINUITIES ADJACENT TO Y-RING

When radial and angular mismatch occur adjacent to a Y-Ring, the com-

j bined effects of Y-Ring discontinuity and geometric discontinuity must

be determined. Combined effects analysis were made in the usual

manner. The Y-Rings were cut into a number of segments and the shears

and moments on the cut faces were taken as the unknowns for which

I the solution was to be conducted. Equations of equilibrium and

f continuity were written for each joint and the resulting sets of

simultaneous linear algebraic equations were solved for the unknown

forces. Two-dimensional theory was used in all solutions, i.e., it

was assumed that plane sections remain plane and normal to the middle

surface. The elemental breakdown scheme for the forward Aerojet 260,

Thlokol 260, and Thiokol 156 Y-Rings are included in Figures 19 and 20.

The major difficulty in performing the Y-ring analysis was caused by

the unusual loading conditions used in the proof tests. The proof test

set-up generates a large tensile stress in the heads of the casings.

However, the skirts are loaded with a small compressive force in Aerojet

j case and it was assumed that the skirts in the Thiokol cases will be

unloaded. The large differences in skirt and head forces creates a

slarge moment at the junction of the head, skirt and thickened portion

of the Y-Ring. It is recognized that the use of two-dimensional theory

will result in some inaccuracies in the analysis at the above mentioned

f junctions. However, a three dimensional elasticity solution of the

junction is prohibitively difficult. Hence, two-dimensional theory

Iwas used in the analysis described herein. A knowledge of the stress

level that are developed in the junction area can best be determined

from measurements of strain during proof test.1



-19- 1
5. (cont'd)

An analysis was conducted to determine the effects, on stress,of plate

delamination near a weldment. The delaminations were assumed to occur

only in the parts of the casings which are to be fabl cated from plate

jstock. The locations and magnitudes of the assumed delaminations are

illustrated in Figures 19 and 20. The flaw size correction factors

determined for combined delamination and radial mismatch at both

head to Y-ring and shell to Y-ring welds is illustrated for both 260-

inch diameter Aerojet and Thiokol casings in Figures 21 through 24

f (the solution for the 156-inch diameter Thiokol casing is not complete

at this time). The delaminations were assumed to occur at a depth of

S.375 t from the surface of the plate in both Thiokol casings. Analyses

showed that delamination at this location resulted in maximum stress

in the delaminated material. In the Aerojet casing, solutions were

J conducted for only mid-plane delaminations. The stress differences

between mid-plane and 0.375t delaminations .re small. The results show

I that delaminations can have a significant effect on the flaw size

correction factor.

An analysis was conducted to determine the effecton stressof angular

mismatch at the head to Y-Ring weld in the 260-inch diameter Aerojet

I casing. The analysis was linear and, hence, overestimates the flaw

size correction factors. However, the results are conservative and

are presented in Figure 25.

!
I
I
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Secondary stresses developed by radial and angular discontinuities at welds

j in large pressure vessels have been computed. The discontinuities were

assumed to occur individually. The combined effects of radial and Y-ring

1 discontinuity and angular and Y-ring discontinuity were determined. An

analysis of the effects of delamination in the material adjacent to a Y-

ring also was made.

i The effect of the secondary stresses on the flaw sizes which can be allowed

at the weld locations has been computed.

i
i
I
I
I
I
I
I
I
I
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